Tat-specific cytotoxic T cells have previously been shown to exert positive Darwinian selection favoring amino acid replacements of an epitope of simian immunodeficiency virus (SIV). The region of the tat gene encoding this epitope falls within a region of overlap between the tat and vpr reading frames, and nonsynonymous nucleotide substitutions in the tat reading frame were found to occur disproportionately in such a way as to cause synonymous changes in the vpr reading frame. Comparison of published complete SIV genomes showed Tat to be the least conserved at the amino acid level of nine proteins encoded by the virus, while Vpr was one of the most conserved. Numerous parallel amino acid changes occurred within the Tat epitope independently in different monkeys, and purifying selection on the vpr reading frame, by limiting acceptable nonsynonymous substitutions in the tat reading frame, evidently has enhanced the probability of parallel evolution.
The phenomenon of viral proteins encoded by overlapping reading frames has attracted the attention of evolutionary biologists since its discovery (4, 9, 11, 12, 15) . One question of evolutionary interest raised by this phenomenon is how natural selection can act simultaneously on two different protein products encoded in different reading frames by the same DNA sequence. Recently, we reported evidence of positive Darwinian selection exerted by the host immune system on a portion of the Tat protein of simian immunodeficiency virus (SIV) (1) . The portion of the Tat protein which is subject to positive selection is encoded by a reading frame that overlaps that encoding the Vpr protein (Fig. 1) . In the present paper, we examine in further detail natural selection on the Tat and Vpr proteins in order to understand how natural selection in one reading frame affects the evolution of a protein encoded by an overlapping reading frame.
The region of the Tat protein subject to positive selection is an 8-amino-acid peptide epitope presented to cytotoxic T cells (CTL) by rhesus monkeys (Macaca mulatta) possessing a class I major histocompatibility complex molecule known as Mamu-A*01. Allen et al. (1) studied the evolution of this region in an experimental system involving Mamu-A*01-positive (A*01 ϩ ) animals and Mamu-A*01-negative (A*01 Ϫ ) controls. Because both groups of monkeys were infected with the same viral inoculum, it was possible to compare the evolution of the Tat epitope in the two groups. In virus from A*01 ϩ monkeys, there was an enhanced rate of nonsynonymous nucleotide substitution, leading to variant forms of the epitope that were experimentally shown not to be bound by the Mamu-A*01 molecule (1) . No such evidence was found in the case of A*01 Ϫ controls (1) . The results of this study provide perhaps the most convincing evidence to date of CTL-driven selection on a virus. Because this is a particularly well understood example of positive selection at the molecular level, it provides an excellent opportunity for studying the evolution of an overlapping reading frame in the presence of such selection.
Holmes and colleagues (5) presented evidence that natural selection, presumably exerted by the host immune system, can lead to convergent or parallel amino acid substitutions in the hypervariable V3 loop of the envelope glycoprotein gp120 of human immunodeficiency virus type 1 (HIV-1). However, this conclusion was based on phylogenetic analyses of sequences collected from a single patient; and because only a short gene segment was sequenced, the reliability of phylogenetic inferences in this case is unclear. There is considerably stronger evidence of parallel evolution of HIV-1 in response to pharmacological agents; for example, parallel amino acid changes in the HIV-1 protease have been documented for different patients treated with the same protease inhibitors (2) . In general, the existence of convergent or parallel evolution at the amino acid sequence level has been controversial (3), although in recent years a number of purported cases have been described in the literature (for a review, see reference 6). Because this study involved the evolution of SIV in separate, noninteracting monkey hosts, it provides an opportunity for an unequivocal demonstration of parallel evolution in a protein under positive selection.
MATERIALS AND METHODS
A total of 18 rhesus monkeys, 10 A*01 ϩ (here designated A to H and J and K) and 8 A*01 Ϫ , were infected with a molecularly cloned virus, SIV MAC239 (16) . After 8 weeks of infection, a 98-codon segment of the SIV tat gene was amplified and sequenced; this segment overlaps a 50-codon segment of the vpr reading frame. The 98 codons of tat include the codons encoding the peptide STPESANL known to be bound and presented by the Mamu-A*01 molecule to CTL (1) . A total of 159 such sequences from infected monkeys were compared with 19 sequences from the inoculum. For further details of sequencing and immunological methods, see the work of Allen et al. (1) .
In order to compare the evolution of these regions in experimentally infected monkeys with that in other SIV populations, we also analyzed six complete SIV genomes available in the GenBank database: three from Cercocebus torquatus hosts (AF077017, L03295, and M31325), two from Macaca nemestrina (U79412 and M83293), and one each from Macaca arctoides and M. mulatta (M83293 and U72748, respectively). These represent all available SIV genomes including complete coding sequences for all nine protein-encoding genes. Coding sequences for the nine genes gag, pol, vif, vpx, vpr, tat, rev, env, and nef ( Fig. 1) were aligned at the amino acid level using the CLUSTAL W program (19) . In computing pairwise distances among a set of sequences, we did not include any site at which the alignment postulated a gap in any sequence in the set, so that a comparable data set was used for each comparison.
The number of synonymous substitutions per synonymous site (d S ) and the number of nonsynonymous substitutions per nonsynonymous site (d N ) were estimated by the method of Nei and Gojobori (13) . This method is known to overestimate d S and slightly underestimate d N when there is a significant transitional bias at twofold degenerate sites; as a consequence, alternative methods that incorporate an estimate of the transition/transversion ratio (R) at such sites have been proposed elsewhere (10, 20) . However, such methods require a reliable estimate of R, which requires data for a large number of sites. An unbiased estimate of R can be obtained by comparing fourfold degenerate sites in phylogenetically independent comparisons (7). Fourfold degenerate sites are preferable for estimating R, since only at these sites are the effects of transitional bias and purifying selection not confounded (7) . The sequences from the experimental study were short, while in the case of complete SIV genomes, the number of sequences was small. Furthermore, overlapping reading frames add an additional complication to the estimation of R even at fourfold degenerate sites. Because nonsynonymous transversions typically cause more radical amino acid changes than do nonsynonymous transitions, purifying selection will in many cases act more strongly on the former. Therefore, in the case of overlapping reading frames, the effects of transitional bias and purifying selection are confounded even at fourfold degenerate sites. Because it was impossible to incorporate all these factors into the estimation of d S and d N , we used the unmodified Nei and Gojobori method (13) , following the recommendation of Nei and Kumar (14) that a simple method is preferable when complex factors influence the pattern of nucleotide substitution. Such a simple method has the advantage of making fewer assumptions than do alternative methods, and if there is a transitional bias, the unmodified Nei and Gojobori method provides a conservative test of the hypothesis of positive selection (14) .
In the experimental study, because sequences from each monkey were independent, mean d S and d N within hosts and between samples and the inoculum were compared by t tests. In comparisons of complete genomes, standard errors of mean d S and d N were computed by the bootstrap method (14) .
RESULTS
Selection on tat and vpr. Figure 2 illustrates the mean of d S and d N for comparisons between samples from A*01 ϩ monkeys and the inoculum in a sliding window analysis of tat and vpr reading frames. In the tat reading frame, a strong peak in d N was observed in the region of the STPESANL epitope, while in the vpr reading frame, there was a corresponding peak in d S in the same region (Fig. 2) . Table 1 (Table 1) . Again, no difference was seen in the case of A*01 Ϫ monkeys (Table  1) .
In the vpr reading frame, in A*01 Ϫ monkeys, no significant difference between mean d S and mean d N was seen either in the nine codons overlapping the STPESANL epitope or in the remainder of the gene (Table 1) OVERLAPPING SIV GENESmean d S was significantly greater than mean d N in the region corresponding to the STPESANL epitope (Table 1) . Thus, positive selection favoring amino acid changes in the STPESANL epitope of the Tat protein in virus infecting A*01 ϩ monkeys evidently resulted in a burst of synonymous changes in the vpr reading frame ( Fig. 2 ; Table 1 ).
This finding was further analyzed by considering all possible nonsynonymous changes that might occur in the STPESANL epitope. There were 49 such possible changes, of which 32 would also cause a nonsynonymous change in the vpr reading frame, while the remaining 17 would cause a synonymous change in the vpr reading frame. Of the 32 possible nonsynonymous changes in tat that are also nonsynonymous in vpr, only 4 were actually observed in the viral sequences from A*01 ϩ monkeys. On the other hand, 9 of 17 possible nonsynonymous changes in tat that are synonymous in vpr were observed. The difference between observed and expected is highly significant (P ϭ 0.0002; Fisher's exact test). This result shows that positively selected nonsynonymous changes in the tat gene occurred disproportionately in such a way as not to change the amino acid sequence of Vpr. Table 2 shows mean d S and d N for comparisons of nine protein-encoding genes among six complete genomes. The genes were found to differ with respect to both mean d S and mean d N ( Table 2) . Mean d N was lowest in the pol gene and highest in the tat gene (Table 2) . Four genes, one of which was vpr, had mean d N significantly lower than that of tat ( Table 2 ). On the other hand, mean d S was highest in pol and lowest in tat ( Table 2) . Differences among genes with respect to d N are most plausibly explained by differences in the strength of purifying selection on the protein. Differences among genes with respect to d S can evidently be explained to a considerable extent by differences among genes with respect to overlap with other genes. For the nine genes of SIV, when mean d S was plotted against the proportion of overlap with other genes, there was a significant negative relationship (r ϭ Ϫ0.702; R 2 ϭ 49.3%; P ϭ 0.035) (Fig. 3) . Thus, the genes with the greatest extent of overlap had the lowest mean d S values, presumably as a consequence of purifying selection in the overlapping reading frame, and nearly 50% of the difference among loci with respect to d S was explainable by differences with respect to overlap with other genes.
A sliding window analysis of d S and d N over the complete tat and vpr genes from the six complete SIV genomes showed that, in the region of overlap between tat and vpr, d S was relatively low in the tat reading frame, while d N was relatively high (Fig.  4) . Conversely, in the vpr reading frame, the region of overlap showed a substantial peak in d S (Fig. 4) , presumably a consequence of the high d N in the tat reading frame.
Parallel changes in the Tat epitope. Figure 5 shows a phylogenetic tree of sequences from the inoculum and from viral samples taken from A*01 ϩ monkeys. This phylogenetic tree showed very poor resolution, and clusters within the tree frequently included sequences derived from different monkeys.
Thus, it seems that in this case phylogenetic analysis did not accurately reflect the evolutionary relationships among SIV sequences. As illustrated in Table 3 , the same amino acid replacements occurred independently in the epitope region in different monkeys. It was evidently this independent or parallel occurrence of the same amino acid replacements in the epitope that caused misleading clustering pattern in the phylogenetic tree.
Amino acid replacements in Tat were classified as parallel if they occurred independently in the viral populations within at least two A*01 ϩ monkey hosts; the remainder were classified as nonparallel. A minimum of 27 amino acid replacements occurred in the Tat epitope in all A*01 ϩ monkeys; of these, 19 (70.4%) were parallel between populations with at least one other host. By contrast, of 11 amino acid replacements observed in tat outside the epitope, none were parallel. The difference between epitope and nonepitope regions with respect to the proportions of parallel and nonparallel amino acid replacements was highly significant (P ϭ 0.007; Fisher's exact test). Thus, parallel evolution of amino acid replacements occurs disproportionately in the portion of Tat that is under positive selection.
DISCUSSION
Our results show that, in a region of the SIV tat gene subject to positive selection driven by host CTL recognition, nonsyn- onymous nucleotide changes occurred in such a way as to cause predominately synonymous changes in the overlapping vpr reading frame. Positively selected amino acid changes known to eliminate binding by the host class I major histocompatibility complex (1) were able to occur in the tat reading frame with minimal change in the protein encoded by the overlapping vpr reading frame. In comparisons among SIV genomes, the vpr gene showed evidence of stronger purifying selection than did the tat gene, as evidenced by lower mean d N in vpr than in tat ( Table 2 ). The region overlap between the two genes was characterized by a higher mean d N in tat than in vpr and by a high mean d S in vpr (Fig. 4) . The peak of synonymous substitution in this region of vpr evidently was at least in part a consequence of nonsynonymous substitution in the same region of tat. Thus, this example shows that natural selection is able to favor amino acid residue replacements in one protein while simultaneously maintaining conserved and presumably functionally important residues in another protein encoded by an overlapping reading frame. This portion of the Vpr protein corresponds to the N-terminal portion of a relatively unstructured C-terminal domain directly following an amphipathic ␣-helix believed to be involved in Vpr dimerization (18) . Although certain experimentally induced mutations in this region of HIV-1 did not affect dimerization (18) , the relatively low d N values in this region of SIV ( Fig. 2 and 4) suggest that it is subject to functional constraint in SIV.
One of the most useful techniques for studying the effects of natural selection at the molecular level is the comparison of the numbers of synonymous (d S ) and nonsynonymous (d N ) nucleotide substitutions per site (6) . In most organisms, differences among genes with respect to d N are much more pronounced than differences with respect to d S . This occurs because differences in d N reflect differences with respect to the strength of purifying selection, which may vary substantially among different proteins. Differences in d S reflect mainly differences in mutation rate among genes, and these differences are usually not very substantial. In the case of SIV, however, the extent of variation in d S among genes is nearly as great as the extent of variation in d N . For the values in Table 2 , the ratio of the highest to lowest d N values is 4.6, while the ratio of the highest to lowest d S values is 3.3. The coefficient of variation in d N values is 49.3%, while that in d S values is 34.0%. This is a very high level of variation in d S among genes. Furthermore, a high proportion of this variation (nearly 50%) is explainable by the extent of overlap with other genes (Fig. 3) . Thus, even in the absence of positive selection, the existence of substantial overlap among genes has a major effect on the evolution of SIV.
In spite of the reduction of the observed rate of synonymous substitution due to overlapping reading frames, comparison of d S and d N showed robust evidence of positive selection on the STPESANL epitope of Tat. The mean value of d N in the epitope region of tat (Table 1) In the literature of molecular evolution, it is customary to distinguish between, on the one hand, convergent or parallel evolution and, on the other hand, chance occurrence of the same substitution in two or more independent lineages (14) . It is assumed that true convergent or parallel evolution implies natural selection (3). In practice, however, it may be very difficult to distinguish between selectively driven and chance events of parallel amino acid replacement. The present case is exceptional in that there is independent evidence, derived from both the pattern of nucleotide substitution and immunological evidence of changes in peptide binding as a result of mutations (1) , that natural selection has operated on the tat gene of SIV infecting A*01 ϩ monkeys. In addition, the same amino acid replacements were seen to occur independently in viral populations inhabiting separate hosts (Table 3) . Furthermore, several of these replacements are relatively radical amino acid changes from the point of view of the chemical properties of amino acids, particularly S3L, A3D, and L3R (Table 3 ). The present study thus provides a particularly well documented example of parallel evolution at the amino acid level under positive Darwinian selection. Indeed, it seems likely that the existence of overlapping reading frames has enhanced the occurrence of parallel amino acid changes in this case. Although amino acid changes in the Tat epitope are selectively favored in virus infecting A*01 ϩ monkeys, only a subset of possible changes were actually observed. The fact that nonsynonymous changes in tat which cause synonymous changes in vpr are observed disproportionately suggests that only a limited number of such changes will be permitted by purifying selection on the vpr gene. If the number of acceptable amino acid replacements in Tat is limited, the probability of parallel evolution will in turn be greater than that under standard amino acid substitution models. 
